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ProliferationExpression of the transcription factor, Ascl3, marks a population of adult progenitor cells, which can give rise to
both acinar and duct cell types in themurine salivary glands. Using a previously reported Ascl3EGFP-Cre/+ knock-in
strain, we demonstrate that Ascl3-expressing cells represent a molecularly distinct, and proliferating population
of progenitor cells located in salivaryglandducts. To investigate both the roleof theAscl3 transcription factor, and
the role of the cells in which it is expressed, we generated knockout and cell-speciﬁc ablation models. Ascl3
knockout mice develop smaller salivary glands than wild type littermates, but secrete saliva normally. They
display a lower level of cell proliferation, consistent with their smaller size. In the absence of Ascl3, the cells
maintain their progenitor function and continue to generate both acinar and duct cells. To directly test the role of
the progenitor cells, themselves, in salivary gland development and regeneration, we used Cre-activated
expression of diphtheria toxin (DTA) in the Ascl3-expressing (Ascl3+) cell population, resulting in speciﬁc cell
ablation of Ascl3+ cells. In the absence of the Ascl3+ progenitor cells, the mice developed morphologically
normal, albeit smaller, salivary glands able to secrete saliva. Furthermore, in a ductal ligation model of salivary
gland injury, the glands of these mice were able to regenerate acinar cells. Our results indicate that Ascl3+ cells
are active proliferating progenitors, but they are not the only precursors for salivary gland development or
regeneration.We conclude that maintenance of tissue homeostasis in the salivary glandmust involvemore than
one progenitor cell population.dical Genetics, University of
, NY 14642, USA. Fax: +1 585
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Saliva is essential for swallowing, the preliminary steps of digestion,
antimicrobial activity, immunological defense, mucosal maintenance,
and dental surface mineralization. In mammals, three major pairs of
salivary glands, comprised of twopredominant cell types, the ductal and
the secretory acinar cells, produce saliva that passes through theducts to
the oral cavity. Salivary gland secretion is severely decreased under
certain pathological or therapeutic conditions, including radiation
treatment of patients with head and neck cancers, and autoimmune
diseases such as Sjögren's syndrome. There is currently no satisfactory
treatment to reverse this damage, which is often accompanied by a
permanent loss of the ﬂuid-secreting acinar cells. In order to develop
approaches for the treatment of salivary gland hypofunction, anunderstanding of the molecular and cellular mechanisms involved in
salivary gland maintenance is required.
Maintenance of the salivary glands in adults involves limited cell
turnover and replacement of aging cells (Chang, 1974; Dardick and
Burford-Mason, 1993; Denny et al., 1993). Replacement cells are most
likely derived from a source of undifferentiated cells, and there is
considerable evidence for a stem or progenitor cell population in the
salivary glands (Denny et al., 1993; Denny et al., 1990; Denny and
Denny, 1999; Man et al., 2001; Schwartz-Arad et al., 1988; Zajicek et al.,
1985). Several stem cell-associated markers are expressed by sub-
populations of duct cells, pointing to the ducts as the presumptive
location of the progenitors (Hai et al., 2010; Kimoto et al., 2008; Knox
et al., 2010; Lombaert et al., 2008; Man et al., 2001; Raimondi et al.,
2006). Furthermore, duct cells distinguished by expression of the stem
cell marker, cKit, have been shown to promote the restoration of
secretory output and tissue regeneration in radiation-damaged salivary
glands of mice (Lombaert et al., 2008). However, the interactions and
pathways that lead to lineage commitment and differentiation of these
cells toward secretory acinar and duct cells are poorly understood.
In an earlier report, we identiﬁed a small population of progenitor
cells, also found in the ducts of mouse salivary glands, which proved, by
lineage tracing, to be precursors of both acinar and duct cell types
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expression of Ascl3 (achaete scute-like homolog 3), a basic helix–loop–
helix transcription factor (GenBank accession no. NM_020051). Ascl3
expression is limited to a subset of cells found in the ducts of all three
major salivary glands (Yoshida et al., 2001). During prenatal develop-
ment of the glands, only a small number of duct cells express Ascl3.
However, in mature salivary glands, we found that a signiﬁcant number
of labeled descendents were generated from Ascl3-expressing progen-
itor cells (Bullard et al., 2008).Weproposed that Ascl3marks progenitor
cells that are involved in themaintenance of normal gland homeostasis.
Ascl3, also known as Sgn1, is a member of the mammalian achaete
scute homolog (Asc) gene family of basic helix–loop–helix (bHLH)
transcription factors (Yoshida et al., 2001). Related members of the
same gene family are expressed by tissue-speciﬁc progenitor cells, and
are implicated in speciﬁcation of cell fate and in promoting differenti-
ation. Ascl1, also known asMash1, is transiently expressed in neuronal
progenitor cells, and loss of Ascl1 function results in the absence of
speciﬁc populations of differentiated neurons in the mouse (Battiste
et al., 2007; Guillemot et al., 1993). A secondmember of the gene family,
Ascl2 functions in intestinal stem cell maintenance (van der Flier et al.,
2009), and promotes terminal differentiation of epidermal precursor
cells (Moriyama et al., 2008). Basedon the speciﬁc expressionofAscl3 in
salivary gland progenitor cells, the Ascl3 transcription factor may play a
similar role in stem or progenitor cell differentiation.
In order to examine the molecular and cellular properties of the
Ascl3+ progenitors, we generated an Ascl3 knockout, as well as an
Ascl3+ cell-speciﬁc ablation mouse model. Using these models, we
have investigated the contribution of the Ascl3+ progenitor cell
population to salivary gland maintenance and regeneration.
Materials and methods
Mouse strains and genotyping
Ascl3EGFP-Cre/+ knock-inmicewere generated as previously reported
(Bullard et al., 2008), and two separate lines have beenmaintained on a
C57Bl/6 background for more than 10 generations. Heterozygotes were
crossed to generate homozygous Ascl3 EGFP-Cre/EGFP-Cre knockout
animals. For lineage tracing in homozygotes, mating was carried out
withAscl3EGFP-Cre/+heterozygous females carrying theRosa26R reporter
locus derived from 129S-Gt(ROSA)26Sortm1Sor/J (Jackson Laboratory)
(Soriano, 1999). Genotypingwas performed as described (Bullard et al.,
2008). TheAscl3EGFP-Cre/+/R26DTA/+micewere generated fromcrosses of
Ascl3EGFP-Cre/+ to heterozygotes of Gt(ROSA)26Sortm1(DTA)Jpmb/J strain
(called R26DTA/+) (Jackson Laboratory)(Ivanova et al., 2005). Double
Ascl3EGFP-Cre/+/R26DTA/+ heterozygotes were genotyped by PCR using
primers for the Ascl3 knock-in (Bullard et al., 2008)and primers
oIMR8052, oIMR8545, and oIMR8546 (Jackson Laboratory). Double
heterozygote Ascl3EGFP-Cre/+/R26DTA/+ mice were used as experimental
animals. Single heterozygous Ascl3EGFP-Cre/+/R26+/+ or Ascl3+/+/
R26DTA/+ littermates were used as controls. Mice were maintained on
a 12-h light, 12-h dark schedule with ad libitum access to food and
water. The University Committee on Animal Resources at the University
of Rochester approved all procedures and protocols.
BrdU labeling and cell proliferation measurements
Labeling experimentswithBrdUwereperformedonpairedmale and
female Ascl3EGFP-Cre/+ heterozygous and Ascl3 EGFP-Cre/EGFP-Cre knockout
mice at ages P16, P42 (6 weeks), and P112 (4 months). Mice were
injected intraperitoneally with BrdU (0.1mg/gm body weight; Roche,
Indianapolis, IN) in PBS. At 2 h, mice were euthanized and the salivary
glands were isolated and ﬁxed overnight in Carnoy's ﬁxative. Fixed
glands were embedded in parafﬁn, and sectioned. Sections were
subjected to antigen retrieval, followed by immunohistochemistry
with antibody to Cre (1:600 dilution; Covance Princeton, NJ) asdescribed (Bullard et al., 2008). BrdU was detected using the BrdU
detection kit II protocol (Roche) according to the manufacturer's
instructions. Cell counts were performed on sections from 4 animals
of each genotype, at the ages of P16, P42 (6 weeks), and P112
(4 months). The number of BrdU-positive cells was determined by
manually counting six 200 μm2ﬁelds oneach section. Statistical analysis
was performed using the Student's t-test, 2-tailed.
For long-term labeling experiments, two litters of Ascl3EGFP-Cre/+
postnatal days 16–23 pups (n=14) were injected daily with BrdU
(0.05 mg/g body weight; Roche) for 5 (experiment 1) or 7 (experi-
ment 2) days, to increase the probability of labeling potential stem cells.
Following an 8-week chase period, salivary glands were isolated and
incubated overnight in Carnoy's ﬁxative. Double immunohistochemis-
try with antibodies to Cre recombinase and BrdU was performed on
parafﬁn sections, as described above.
Ductal ligation and recovery surgery
The ductal ligation procedurewas performed on pairs of sex-matched
mice, aged 2–5 months. The procedure was performed on double
heterozygote Ascl3EGFP-Cre/+/R26DTA/+ mice and single heterozygous
Ascl3EGFP-Cre/+/R26+/+ or Ascl3+/+/R26DTA/+ littermates, as controls.
Mice were anesthetized with ketamine (100 mg/kg; Bioniche Pharma,
Lake Forest, IL) and xylazine (5–10 mg/kg; Lloyd Laboratories, Shenan-
doah, IA) administered intraperitoneally. An incision was made on the
ventral left side of the neck, and the main secretory duct of the left
submandibular gland was isolated away from the parallel blood vessel. A
microclamp (3.5 mm×1mm, Fine Science Tools, Foster City, CA) was
used to occlude the duct. The right submandibular gland served as the
sham-operated internal control.
After 10 days, the animals were re-anesthetized and the incision
reopened. The submandibular gland was ﬁrst examined microscopical-
ly. Only those mice in which the gland had visibly decreased by 35–40%
were used for subsequent regeneration analysis. The microclamp was
removed without injury to the duct, and the incision was again closed.
Following removal of the clamp, the glands were either taken
immediately (day=0) or allowed to recover for 7, 14 or 21 days
(each time point n=3). Mice were then euthanized and the salivary
glands were ﬁxed overnight in Carnoy's ﬁxative, embedded in parafﬁn,
and sectioned. The degree of atrophy or recovery was determined by
hematoxylin and eosin staining, and by immunohistochemical analysis.
Beta-galactosidase and histochemical staining
Submandibular glandswere processed, ﬁxed, embedded inOCT, and
cryosections were stained for LacZ activity as previously described
(Bullard et al., 2008). Periodic acid-Schiff and hematoxylin and eosin
stainingwas performed on parafﬁn-embedded sections, after dewaxing
and hydration, using standard protocols.
Immunohistochemistry
Salivary glands were harvested and ﬁxed overnight in 4% parafor-
maldehyde at 4 °C. Tissues were processed, embedded in parafﬁn and
sectioned. Sections of 5 μm thickness were dewaxed and hydrated
before immunostaining. ForNkcc1 immunohistochemistry, endogenous
andpseudoperoxidase activitieswere eliminatedby treatmentwith10%
hydrogen peroxide. Before immunostaining, tissues were subjected to
antigen retrieval by microwaving with TBS buffer (150 mM NaCl,
50 mMTris–HCl, pH 9.5) for 3.5 min atmaximum power (1550W) and
then for 8 min at 20% of the maximum power (model JES1139BL01,
General Electric Co., KY). Forty minutes after treatment, sections were
washed with three changes of TBS pH 7.8 and then the endogenous
biotin was blocked using an Avidin/ Biotin blocking kit (Vector Labs,
Burlingame, CA). After biotin blocking, sections were incubated
overnight with rabbit anti-peptide polyclonal antibody directed to the
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Turner (NIDCR/NIH), andwas used at a dilution of 1:2500 in TBS pH 7.8
containing 0.5% immunoglobulin-free bovine serum albumin (Sigma
Aldrich, St. Louis,MO). Bound immunoglobulinswere detectedwith the
Vectastain Elite ABC kit (Vector Labs) and peroxidase was visualized by
incubation with 3,3′-diaminobenzidine (Vector Labs) for 5 min. When
immunostaining was complete, the sections were rinsed with distilled
water and contrasted with hematoxylin for 15 s (Richard-Allan
Scientiﬁc, MI). Finally, the sections were dehydrated in ethanol, cleared
with xylene, andmountedusing Permount (Fisher Scientiﬁc, Pittsburgh,
PA). Controls were carried out using tissues from Nkcc1 knockout mice.
Immunohistochemistry with all other antibodies was performed on
parafﬁn sections as described (Bullard et al., 2008). Brieﬂy, tissue
sectionswere deparafﬁnized, and subjected to antigen retrieval in 1 mM
EDTA buffer, pH: 8.0 for 10 min using a pressure cooker. Sections were
allowed to cool, washed 3 times in PBS and then blocked in 10% normal
donkey serumwith5%milk in PBS for 1 h at room temperature and then
incubated with the primary antibodies: rabbit anti-Cre recombinase
(Covance) diluted 1:800; goat anti-cytokeratin 19 (Santa Cruz Biotech-
nology Inc, CA) diluted 1:50; rabbit anti-Mist1 (a gift from Dr. Stephen
Konieczny, Purdue University) diluted 1:2000; rabbit anti-KCa1.1
(1:500, Santa Cruz); rabbit anti-aquaporin 5 (Calbiochem) diluted
1:100. Secondary antibodies used included: Cy3-conjugated donkey
anti-rabbit diluted 1:500 (Jackson Immunoresearch, West Grove, PA);
Cy2-conjugated donkey anti-rabbit diluted 1:500 (Jackson); Cy2-
conjugated donkey anti-goat diluted 1:500 (Jackson); Alexa ﬂuor 546
goat anti-rabbit diluted 1:500 (Invitrogen, Carlsbad, CA). Antibodies
were diluted in antibody diluent (DAKO Cytomation, CA). Blocking for
double immunolabeling of Nkcc1 and KCa1.1 or Cre was done using
donkey anti-rabbit unconjugated Fab fragments (Jackson) diluted 1:10
in 5% normal goat serum for 1 h before addition of the second primary
antibody. Immunostaining with antibody to caspase 3 was performed
on parafﬁn sections from bothwild type and Ascl3 knockoutmice using
the Signal Stain Cleaved Caspase-3 kit (Cell Signaling, Danvers, MA),
according to the manufacturer's instructions.
Imaging and surface area measurements
Brightﬁeld and ﬂuorescent images were made using an Olympus
DX41 microscope connected to a DP71 camera, with DP-BSW-V3.2
software (Olympus America Inc., Center Valley, PA). Confocal images
were taken on a Leica TCS SPII confocal microscope, using Leica confocal
software (Leica Microsystems, Mannheim, Germany). Surface area
measurements to compare duct area to total surface areaweremade on
9 sections each of submandibular gland from wild type, and knockout,
and 12 sections from cell ablation model mice, respectively. ImageJ
(NIH) software was used for analysis.
Measurement of salivary secretion and gland weight
Saliva was collected from the submandibular glands of wild type,
knockout, and cell ablation model mice. Salivary ﬂow rates were
measuredduring ex-vivoperfusionof the isolated submandibularglands
as previously described (Romanenko et al., 2007). Salivation was
stimulated by perfusionwith the cholinergic receptor agonist carbachol
(0.3 μm CCh; Sigma) and the beta-adrenergic agonist isoproterenol
(5 μmIPR; Sigma). Following the experiment, the submandibular glands
were removed, blotted and weighed.
Results
Molecular characterization of Ascl3-expressing cells
To conﬁrm the hypothesis that Ascl3+ cells are proliferating
progenitor cells, we conducted BrdU labeling experiments. Heterozy-
gousmice carrying one copy of theAscl3EGFP-Cre allele are phenotypicallynormal. In these animals, cells that express Ascl3 can be detected
through EGFP ﬂuorescence or by immunostaining, using an antibody to
Cre recombinase. Salivary glands were isolated from postnatal day 16
(P16)mice 2 h after BrdU injection, and double immunohistochemistry
was performed on sections using antibodies to BrdU and Cre. Co-
localization of BrdU was observed in approximately 50% of the Ascl3-
expressing cells (Fig. 1A–C). This result demonstrates that Ascl3+
progenitor cells are mitotically active, consistent with their character-
ization as salivary gland progenitor cells.
To further characterize the Ascl3-expressing progenitor cells, we
examined the expression of cell type-speciﬁc markers. Nkcc1 is a
sodium–potassium–chloride co-transporter critical for saliva secretion,
which is localized to the basolateral membranes of all acinar cells in the
submandibular, sublingual and parotid glands (Evans et al., 2000). A
subset of duct cells in all three glands also expresses Nkcc1 on the
membrane surface (He et al., 1997) (Fig. 1D–F). As this expression
pattern is notably similar to that of Ascl3,we examinedwhether the two
proteins are co-localized. Double immunohistochemistry on salivary
gland sections showed that all duct cells expressing Nkcc1 are co-
localized with the progenitor cells expressing Ascl3 (Fig. 1F). The
Ascl3+/Nkcc1+ cells are present throughout the ductal system of
submandibular, sublingual and parotid glands, and are clearly molec-
ularly distinct from the majority of the epithelial duct cells.
Underscoring this conclusion that the Ascl3+ progenitors are
molecularly distinct, we have also found that expression of the large
conductance calcium-activated potassium channel (KCa1.1) is speciﬁ-
cally co-localized to these duct cells positive for both Ascl3 (data not
shown) and Nkcc1 (Fig. 1E). The discovery that at least two acinar cell
markersnormally absent fromduct cells are speciﬁcally expressed in the
Ascl3+ cell type is intriguing. Expression of Nkcc1 and KCa1.1 in the
subset of duct cells known to generate acinar cell progeny (Bullard et al.,
2008) supports the idea that Ascl3+ cells are an intermediate
progenitor cell type.
Relationship to putative stem cells
The initial identiﬁcation of Ascl3+ cells as bipotent progenitor cells
(Bullard et al., 2008) raised the question of their relationship to
salivary gland stem cells. The onset of Ascl3 expression at embryonic
day 15.5 argues against a function of Ascl3+ cells as early salivary
gland stemcells, since the glands begin development at embryonic day
11 (Patel et al., 2006). We wished to investigate whether the Ascl3+
pool of cells might instead be related to a previously proposed, but not
yet clearly deﬁned, adult salivary gland stem cell. Label-retaining cells
have been identiﬁed in rat salivary gland ducts, following BrdU
labeling and an 8-week chase period, and are presumed to be slowly
cycling stem cells (Kimoto et al., 2008).
We performed long-term BrdU labeling experiments to test
whether the Ascl3+ progenitor cells in the ducts are label-retaining
cells. Mice were given daily BrdU injections from P16 through P23,
followed by an 8-week chase period. The salivary glands were then
removed, processed, and analyzed by double immunohistochemistry,
using antibodies for BrdU and Cre recombinase. Both antibodies label
a subset of duct cells (Fig. 2A–C). However, there was no evidence of
co-localization of the two antigens in one cell (n=14 animals; 2
sections each). We conclude that Ascl3+ progenitor cells are not
label-retaining cells, and are not likely to be slowly cycling stem cells.
Salivary gland development and secretion in Ascl3 knockout mice
The insertion of EGFP-Cre into the Ascl3 locus creates a loss-of-
function allele, as the entire coding sequence of the transcription factor
has been replaced (Bullard et al., 2008). To investigate the function of
theAscl3 transcription factor,wegeneratedAscl3nullmicehomozygous
for this allele. Ascl3 EGFP-Cre/EGFP-Cre mice were born at the expected
Mendelian frequencies, and knockout mice were viable and fertile.
Fig. 1.Molecular characterization of Ascl3+progenitor cells. Cell proliferationwas detected through BrdU labeling in salivary glands from Ascl3EGFP-Cre/+mice at P16 following a 2-h chase
period. Sections of submandibular glands were double-immunostained with antibodies to Cre recombinase and BrdU. A. Cre immunostaining identiﬁes Ascl3+ cells in the ducts
(arrowheads). B. BrdU immunostaining marks proliferating cells (arrowheads). C. Merged image shows that 50% of the BrdU-positive cells co-localize with those expressing Ascl3
(arrowheads). Scale bars=100 μm. D. Antibody to the sodium–potassium–chloride transporter, Nkcc1, is localized to the basolateral membrane of all acinar cells (arrowheads) and to a
subset of basally located duct cells (arrows) in the submandibular gland from a wild type male. Scale bar=20 μm. E. Double immunohistochemistry with antibodies to Nkcc1 (red) and
KCa1.1 (green) reveals co-localization of the two proteins in a subset of the duct cells (arrowheads). Scale bar=20 μm. F. Double immunohistochemistry on sections from an Ascl3EGFP-Cre/+
heterozygote, using antibodies to Cre recombinase (green) and Nkcc1 (red) shows that the two proteins are co-localized in the same subset of duct cells, indicating that Ascl3+ cells co-
express the Nkcc1 cotransporter. G. The same double immunohistochemistry with antibodies to Cre and Nkcc1, on sections from Ascl3 EGFP-Cre/ EGFP-Cre knockout glands, shows that Nkcc1
expression in the Ascl3+ progenitor cells is signiﬁcantly down regulated in the absence of Ascl3 transcription factor (arrowheads). In contrast, Nkcc1 expression in the acinar cells is
unaffected. Scale bar=50 μm.
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veriﬁed both by RT-PCR and on Northern blots (data not shown).
Ascl3 EGFP-Cre/EGFP-Cre mice develop salivary glands, indicating that
patterning and differentiation pathways are not impaired by absence of
the transcription factor. However, the submandibular glands of the
knockout mice exhibit a consistently reduced size compared to those ofFig. 2. Ascl3-expressing cells are not label-retaining stem cells. Heterozygous Ascl3EGFP-Cre/+
pups were injected daily from P16 to P23 with BrdU. After an 8-week chase period, the
salivary glands were removed, processed and analyzed by double immunohistochemistry,
using antibodies for BrdU (A; black) and Cre recombinase (B; red). The sections, shown
separately and as a merged image (C), include BrdU-positive, label-retaining cells (black
arrowheads) andAscl3-positive cells (white arrowheads) in theducts.No co-localizationof the
two cell populations was observed. Scale bars=50 μm.wild type littermates (Fig. 3A). This difference, observed in both male
and female submandibular glands, is detectable at P16 (femaleAscl3+/+
16.38±2.87 mg; Ascl3 EGFP-Cre/EGFP-Cre 12.51±2.24 mg; P=0.018; n=6
for both genotypes) and is maintained with age. At 12 months, the
submandibular gland weight for female Ascl3+/+ is 45.94±4.93 mg,
while female Ascl3 EGFP-Cre/EGFP-Cre glands are 33.60±2.05 mg (Pb0.001;
n=7 for both genotypes).
To assesswhether the glands ofAscl3 EGFP-Cre/EGFP-Cre knockoutmice are
altered in their ability to maintain normal cell numbers, we used BrdU
labeling to measure cell proliferation. At P16, wild type and
knockout submandibular glands showed equivalent numbers of BrdU
pulse-labeled cells (Fig. 3B) [P16: median Ascl3EGFP-Cre/+=38.5; median
Ascl3 EGFP-Cre/EGFP-Cre=30.0]. However, at P42, the number of BrdU+ cells
inknockoutglandswasdecreased to65%of thenumber found inwild type
glands [medianAscl3EGFP-Cre/+=82.5;medianAscl3 EGFP-Cre/EGFP-Cre=54.0;
Pb0.01]. By P112, overall levels of cell proliferation are very low in the
adult glands (Chang, 1974; Denny and Denny, 1999). However, the
knockout glands continued to show lower numbers of BrdU-positive cells
within the parenchyma compared to wild type controls [median
Ascl3EGFP-Cre/+=10.0; median Ascl3 EGFP-Cre/EGFP-Cre=7.0; Pb0.05].
A lower number of proliferating cells could be explained by higher
rates of cell death. We therefore examined mutant and wild type
salivary glands for differences in levels of apoptosis. Immunohisto-
chemistry was performed with an antibody to caspase 3, a marker for
apoptotic cells. We tested submandibular sections from wild type,
heterozygous, and knockout mice at 2–3 months of age. However, no
difference in the level of apoptosis based on genotype was found (data
not shown).
Staining with an antibody to Cre revealed that the cells in which
Ascl3would have been expressed remain present in the ducts of salivary
glands from Ascl3 EGFP-Cre/EGFP-Cre knockout mice (Fig. 3C). Moreover,
lineage tracing in the Ascl3 EGFP-Cre/EGFP-Cre knockout animals
Fig. 3. Salivary glands of Ascl3EGFP-Cre/EGFP-Cre knockout mice. A. Submandibular glands of Ascl3EGFP-Cre/EGFP-Cre mice are smaller than those of wild type littermates, from P16 throughout
adulthood.Wetweights of submandibular glands isolated from Ascl3+/+ and Ascl3EGFP-Cre/EGFP-Cre knockout females are plotted for each age examined. Bars show standard error. (n≥6 for
both genotypes) B. Cell proliferation is reduced in the submandibular glands of Ascl3EGFP-Cre/EGFP-Cre knockout mice compared to Ascl3EGFP-Cre/+ heterozygotes. Box plot displays the data
collected from counts done on 6×200 μm2 areas of sections from 4 animals of each genotype, following a 2-h pulse of BrdU. Ascl3EGFP-Cre/+ heterozygotes (blue boxes); Ascl3EGFP-Cre/EGFP-Cre
knockout animals (red boxes). Boxes span from the ﬁrst to the third quartiles of the count data. Median bars are indicated within the boxes. [P16: median Ascl3EGFP-Cre/+=38.5; median
Ascl3EGFP-Cre/EGFP-Cre=30.0; P42:medianAscl3EGFP-Cre/+=82.5;medianAscl3EGFP-Cre/EGFP-Cre=54.0; pb0.01. P112:medianAscl3EGFP-Cre/+=10.0;medianAscl3EGFP-Cre/EGFP-Cre=7.0;pb0.05].
C. The differentiation status of the duct cells in Ascl3EGFP-Cre/EGFP-Cre knockout glands was investigated using antibodies to Cre (red; arrowheads) and cytokeratin 19 (green), a luminal
membrane marker of differentiated duct cells. Duct cell differentiation appears normal in the Ascl3EGFP-Cre/EGFP-Cre knockout submandibular glands. All cell nuclei are stained with Topro-3
(blue). Confocal image. D. Lineage tracing of theprogenitor cells inAscl3EGFP-Cre/EGFP-Creknockout glands. LacZ staining demonstrates that, in the absenceof theAscl3 transcription factor, the
progenitor cells remain bipotent and generate both duct and acinar cell progeny. Scale bars=100 μm.
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both acinar and duct cells in the absenceof theAscl3 transcription factor,
itself (Fig. 3D). Thus, bipotency of the progenitor cells is not altered in
the absence of Ascl3. We tested the function of the Ascl3 EGFP-Cre/EGFP-Cre
salivary glands by measuring saliva secretion. The level of salivary
secretion from glands of Ascl3 EGFP-Cre/EGFP-Cre animals was not
signiﬁcantly different from that measured in wild type littermates, nor
were changes found in ionic composition of the saliva in the knockout
animals (data not shown).
Acinar cell number and morphology appeared normal on sections
from Ascl3 EGFP-Cre/EGFP-Cre knockout mice stained with antibodies to the
acinar cell-speciﬁc proteins, aquaporin 5 or the transcription factor, Mist1
(datanot shown). Likewise, cytokeratin19, amarker of differentiatedduct
cells (Hisatomi et al., 2004; Kishi et al., 2006), showed identical staining
patterns in knockout (Fig. 3C) and control (data not shown) submandib-
ular glands.Onlyonegeneproduct showedadistinct change inexpression
in the Ascl3 knockout glands. Nkcc1 expression is dramatically reduced in
the ducts of Ascl3 EGFP-Cre/EGFP-Cre salivary glands, although expression by
the acinar cells remains unaffected (Fig. 1G). RT-PCR analysis of knockout
glands failed to detect signiﬁcant changes in the expression of additional
markers, including the duct cell-speciﬁc transcription factor, grainyhead
Cp2L1 (Yamaguchi et al., 2006), as well as several stem cell-associated
factors: keratin 5, cKit, Sca-1, and Sox2 (data not shown).
Cell-autonomous ablation of Ascl3-expressing cells
As the bipotency of Ascl3+ progenitor cells is not lost in Ascl3
knockoutmice, the role of these cells in salivary gland development and
regenerationmay be independent of Ascl3 function. To directly test the
role of the Ascl3+progenitor cells, we generated a cell-speciﬁc ablation
model, using the Gt(ROSA)26Sortm1(DTA)Jpmb/J mouse strain (called
R26DTA/+), in which the gene encoding diphtheria toxin A subunit
(DTA) is inserted at the ubiquitously expressed Rosa locus (Ivanova
et al., 2005). Expression of the DTA coding sequence is prevented by a
strong transcriptional stop signal (Fig. 4A).When bred to Ascl3EGFP-Cre/+heterozygotes, the loxP-ﬂanked stop sequence is removed, and DTA
expression is activated to produce conditional deletion of Cre-expres-
sing cells. Double heterozygous animals (Ascl3EGFP-Cre/+/R26DTA/+) carry
an intact copy of Ascl3 and the inserted EGFP-Cre cassette, as well as a
single copy of the DTA gene at the Rosa locus. Single heterozygous
(Ascl+/+/R26DTA/+) littermates carrying the inactive DTA gene were
used as controls.
Double heterozygous Ascl3EGFP-Cre/+/R26DTA/+micewere born at the
expected Mendelian frequencies, although they were smaller and
showed a high rate ofmorbidity. Thiswas oftenmanifested at the age of
2–3 weeks, although many animals survived to adulthood. As Ascl3
expression is not conﬁned to the salivary gland (unpublished observa-
tions), we attribute the lower body mass and increased morbidity to
other systemic effects.
Salivary gland development and regeneration in cell ablation model
Double heterozygous Ascl3EGFP-Cre/+/R26DTA/+ mice developed
morphologically normal salivary glands, although the glands were
signiﬁcantly smaller in size than those of wild type littermates [female
Ascl+/+/R26DTA/+ 29.4 ± 5.3 mg (n=6; age=2 months); female
Ascl3EGFP-Cre/+/R26DTA/+ 23.3±2.9 mg (n=6; age=2 months);
Pb0.05]. Measurements of duct surface area to total area were made
on sections of submandibular gland from wild type, knockout and
ablationmice. Although the Ascl3+ progenitor cells should be ablated,
no signiﬁcant difference in the duct cell to total cell ratio of the areawas
detected [Ascl+/+ 27.0±5.1%; Ascl3EGFP-Cre/ EGFP-Cre 25.4±6.1%;
Ascl3EGFP-Cre/+/R26DTA/+ 24.7±6.4%; (n=9 measurements per
group)].
To ascertain that the DTA locus is efﬁciently activated in Ascl3-
expressing cells, we performed immunohistochemical analysis, taking
advantage of the speciﬁc localization of the Nkcc1 and KCa1.1
transporters in Ascl3+ progenitor cells. Immunohistochemistry with
antibody to Nkcc1 conﬁrmed that activation of the DTA gene in the
double heterozygotes caused nearly complete ablation of the Ascl3+
Fig. 4. Cell ablation of Ascl3+progenitor cells. A. Ascl3EGFP-Cre/+/R26DTA/+mice carry one copy of the EGFP-Cre cassette, and one copy of the silencedDTA gene inserted at the Rosa26 locus.
Cre-mediated activation of DTA expression takes place only in Ascl3-expressing cells. DTA expression results in speciﬁc, cell-autonomous killing of the Ascl3-expressing cells. B. In control
Ascl3EGFP-Cre/+ submandibular glands, Nkcc1 antibody is localized on the membranes of all acinar cells (brown) and on the subpopulation of Ascl3+ progenitor cells in the ducts
(arrowheads). C. In submandibular glandsofAscl3EGFP-Cre/+/R26DTA/+mice, all Nkcc1-expressingAscl3+progenitorduct cells are ablated,whileNkcc1 expression in the acinar cells (brown)
is unaffected. D. In Ascl3EGFP-Cre/+ submandibular glands, antibody to KCa1.1 is localized at the apical surface of a subset of duct cells, shown earlier to co-localize with Nkcc1 and Ascl3
(arrowheads). E. In glands of Ascl3EGFP-Cre/+/R26DTA/+ mice, all cells expressing KCa1.1 are ablated, conﬁrming the efﬁciency of the cell ablation model. Scale bars=50 μm.
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cells are absent from the ducts of double heterozygous Ascl3EGFP-Cre/+/
R26DTA/+ mice (Fig. 4D and E). Although we have shown that duct-
speciﬁc expression of Nkcc1 may be dependent on the presence of the
Ascl3 transcription factor (Fig. 1G), the Ascl3EGFP-Cre/+/R26DTA/+ mice
retain one intact copy of the Ascl3 locus (Fig. 4A), so Nkcc1 expression
should be unaffected. We conclude that the absence of Nkcc1+ cells in
the ducts of Ascl3EGFP-Cre/+/R26DTA/+mice is due to the speciﬁc ablation
of these cells by Cre-mediated activation of the DTA gene. Cre-positive
cells were not found in Ascl3EGFP-Cre/+/R26DTA/+ animals, but were
readily detected in control Ascl3EGFP-Cre/+/R26+/+ littermates (data not
shown).
The acinar cells in salivary glands of Ascl3EGFP-Cre/+/R26DTA/+ mice
appear to be normally differentiated, as determined by immunohisto-
chemistry for several cell-speciﬁc markers, including aquaporin 5 (data
not shown), andNkcc1 (Fig. 4C). Furthermore, RT-PCR to test expression
levels of the duct cell markers Cp2L1, cKit, Keratin 5, and Sca-1 did not
reveal signiﬁcant changes (data not shown).
To test the function of the glands in Ascl3EGFP-Cre/+/R26DTA/+mice, ex
vivo submandibular gland perfusion was performed, following stimu-
lation with isoproterenol and carbachol, as described earlier (Roma-
nenko et al., 2007). In comparison to wild type mice, both the ﬂow rate
and levels of total secretion were signiﬁcantly reduced in the glands of
Ascl3EGFP-Cre/+/R26DTA/+ mice (Fig. 5A and B). However, when ﬂuid
secretion data were normalized to body weight, the total secretion was
not signiﬁcantly different from wild type levels (data not shown).
Through lineage tracing, we previously demonstrated that Ascl3+
progenitors are precursors of serous demilune cells in the sublingual
gland (Bullard et al., 2008). These cells are distinguished by expression
of the secreted demilune cell and parotid protein (Dcpp) (Bekhor et al.,
1994). To examine the fate of serous demilune cells in the absence of
Ascl3+ progenitors, an antibody to Dcpp was used to probe sublingual
glands from the Ascl3EGFP-Cre/+/R26DTA/+ mice. Although the Ascl3+progenitors have been ablated, we ﬁnd only a slight decrease in the
number of Dcpp-positive serous demilune cells in Ascl3EGFP-Cre/+/
R26DTA/+ mice compared to control littermates (data not shown). This
result implies that serous demilune cells can arise from at least two
separate progenitor populations.
We next asked if Ascl3+ cells are essential for stress-induced tissue
repair. To test the regenerative potential of these progenitor cells, a
tissue injurymodel causedbyductal ligationwasemployed.Obstruction
of the salivary gland excretory duct in rodents results in a near total loss
of acinar cells, and atrophy of the gland (Tamarin, 1971; Walker and
Gobe, 1987). If the obstruction is removed, the acinar cells are gradually
replaced and the gland appears to completely recover, providing a
model system for salivary gland regeneration (Takahashi et al., 2004;
Tamarin, 1971; Walker and Gobe, 1987).
To testwhether theAscl3+cellsmight be essential for the regeneration
of lost acinar cells, ductal ligation was performed on matched pairs of
Ascl3EGFP-Cre/+/R26DTA/+ mice, and Ascl3EGFP-Cre/+/R26+/+ or Ascl3+/+/
R26DTA/+ control littermates. Only one gland in each was ligated, and the
contra-lateral glands served as controls. In all mice, the ductal ligationwas
removed after 10 days, and the atrophied gland was allowed to recover.
Recovery periods ranged from 0 to 21 days. Glands taken on the day of
ligation release (Release day=0) were analyzed to conﬁrm that acinar
cells were depleted (Fig. 5B, C). Sections taken at day=14 of recovery
(Fig. 5E) show that the glands of Ascl3EGFP-Cre/+/R26DTA/+ mice are
repopulated with acinar cells at a level comparable to that seen in control
Ascl3EGFP-Cre/+/R26+/+ littermates (Fig. 5D). After 3 weeks of regeneration,
the ligated glands of each genotype had regained theweight of the contra-
lateral control gland.No signiﬁcant difference in the acinar to duct cell ratio
was detected. Thus, salivary gland regeneration following ductal ligation
can proceed in the absence of the Ascl3+ progenitor cells. Taken together,
our results suggest that salivary gland development and regeneration
involvemore than oneprogenitor-like cell type and that there is functional
compensation in both mechanisms.
Fig. 5. Salivary gland function and regeneration in the cell ablation model. A. Salivary
secretion in Ascl3EGFP-Cre/+/R26DTA/+ mice was measured by ex vivo submandibular gland
perfusion after stimulationwith 0.3 μmcarbachol and5 μmisoproterenol. In comparison to
wild typemice, both theﬂow rate (μL/min) (left) and level of total secretion (μL in 20 min)
(right; gray bar) were signiﬁcantly reduced in the glands of Ascl3EGFP-Cre/+/R26DTA/+ mice.
However, when corrected for the differences in total submandibular gland weight, the
secretory rates of Ascl3EGFP-Cre/+/R26DTA/+mice are nearly equivalent to those of wild type
mice. (n=8 Ascl3+/+/R26+/+; n=9 Ascl3EGFP-Cre/+/R26DTA/+) *p=0.0010 (t-test) B–E.
Periodic acid–Schiff/Alcian blue staining of sections from submandibular glands after
ductal ligation, followedby recovery for the time indicated. B. Section ofAscl3+/+/R26DTA/+
control mouse submandibular gland, taken at day 0 of recovery, shows the almost
complete loss of acinar cells following10 daysofductal ligation.Ducts predominatewithin
the gland. C. Section of control Ascl3EGFP-Cre/+/R26+/+ mouse submandibular gland, taken
at day 14 of recovery, shows repopulation of the acinar compartment between the ducts.
D. Section of Ascl3EGFP-Cre/+/R26DTA/+ submandibular gland, taken at day 0 of recovery, also
shows the loss of acinar cells following10 daysofductal ligation. Spacesbetween theducts
appear empty or contain ﬁbrotic tissue. E. Section of Ascl3EGFP-Cre/+/R26DTA/+ submandib-
ular gland, lacking Ascl3+ progenitor cells, taken at day 14 of recovery, shows that
repopulation of acinar cells between the ducts is nearly equal to that seen in the control
gland (C).
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Maintenance of tissues in adult organisms is generally dependent on
a population of tissue-speciﬁc stem or progenitor cells. We previously
reported the identiﬁcation of a progenitor cell population in the salivary
gland that is characterized by expression of the bHLH transcription
factor, Ascl3 (Bullard et al., 2008). These progenitor cells are located in
the ducts of all three major salivary glands, and are precursors of both
acinar and duct cells (Bullard et al., 2008). We have investigated the
cellular and molecular properties of the Ascl3+ progenitor cells using
both knockout and cell ablationmousemodels. The relatively late onset
of Ascl3 expression at embryonic day 15.5 argues against a function of
Ascl3+ cells as early salivary gland stem cells. However, based on BrdU
labeling studies and immunohistochemical data, we conﬁrm that
Ascl3+ cells represent a proliferating, bipotential cell population in
the postnatal salivary gland. Furthermore, as Ascl3 expression is notdetected in the differentiated progeny (Bullard et al., 2008), our results
suggest that these cells are intermediate and transient progenitor cells
that have either just divided or are undergoing division. However, with
little or no self-renewal capacity, they do not conform to a strict
deﬁnition of stem cells.
The Ascl3+ cells display an expression pattern that is molecularly
distinct from surrounding duct cells, including at least two additional
proteins, Nkcc1 and KCa1.1, both of which are normally found in acinar
cells (Evans et al., 2000; Park et al., 2001). This could suggest direct
regulation of theNkcc1 and KCa1.1 genes by the Ascl3 transcription factor.
Thepresenceof fourhighly conservedE-boxmotifs in theNkcc1upstream
genomic sequence (unpublished observations) supports this possibility,
as does the fact that Nkcc1 (but not KCa1.1) expression is lost in the duct
cells of Ascl3 knockout mice. However, the Ascl3 transcription factor is
reported to be a transcriptional repressor (Yoshida et al., 2001),
potentially making the regulation more complex, and further investiga-
tion will be needed to deﬁne the interactions of this factor.
Given the activities of the mammalian Ascl gene family proteins,
Ascl1 and Ascl2, (Battiste et al., 2007; Guillemot et al., 1993; Moriyama
et al., 2008; vander Flier et al., 2009),we investigatedwhether the Ascl3
transcription factor is required for the progenitor function of theAscl3+
cells in the salivary gland. We found that in Ascl3 knockout mice, the
salivary glands develop normally but are smaller than those ofwild type
littermates. However, the Ascl3 transcription factor is not required for
bipotency of the progenitor cells, as both acinar and duct cell progeny
are generated. The reduced size of the glands is associated with a
decrease in cell proliferation, such as has been reported for olfactory
bulb progenitors lacking Ascl1 (Murray et al., 2003). Themechanism, by
which cell proliferation is reduced in these models, is not clear. Taken
together, our data on the Ascl3 knockout indicate that the Ascl3
transcription factor is involved, but not essential, for the development
and maintenance of functional salivary glands.
To directly investigate the role of the Ascl3+ progenitor cells within
the salivary glands, we genetically ablated the progenitor cell
population, using conditional activation of DTA in the Ascl3-expressing
cells. The strict localization of Nkcc1 and KCa1.1 to Ascl3+ duct cells
proves an advantage in conﬁrming the efﬁciency of the ablation model.
We have demonstrated the complete absence of duct cells expressing
either protein in the Ascl3EGFP-Cre/+/R26DTA/+mice. In the absence of the
Ascl3+ progenitor cells, the Ascl3EGFP-Cre/+/R26DTA/+ mice develop
functional salivary glands, although with a greater size defect than
that observed in the knockout mice. The manifestation of this defect in
both models supports our hypothesis that the Ascl3+ progenitor cells
are involved in the maintenance of normal gland homeostasis.
However, the development of morphologically normal glands in the
absence of the Ascl3+ progenitor cells indicates that more than one
progenitor cell type must contribute to salivary gland development and
maintenance. Our observation that the majority of serous acinar cells in
the submandibular and parotid glands are not derived from Ascl3+
progenitor cells is consistent with this result (Bullard et al., 2008). We
further tested the requirement for the Ascl3+ progenitor cells in an
induced model of salivary gland injury and repair (Tamarin, 1971;
Walker and Gobe, 1987). Surprisingly, although the glands of Ascl3EGFP-
Cre/+/R26DTA/+mice lack Ascl3+progenitor cells, acinar cell regeneration
occurredwithin 14 days and the extent of recoverywas similar to that of
controls. These results clearly demonstrate that the ablation of the entire
Ascl3+ progenitor cell population does not impair gland development,
function, or repair.
Our data substantiate the characterization of Ascl3+ cells as
intermediate progenitors with the developmental plasticity to give
rise to duct and acinar cells in the adult salivary gland. However,
although Ascl3+ cells are active proliferating progenitors, they are not
essential for salivary gland development, maintenance or repair. We
propose that ablation of Ascl3+ progenitor cells is most likely tolerated
through the compensatory action of additional distinct progenitor cell
populations. The co-existence of subpopulations of stem or progenitor
193S. Arany et al. / Developmental Biology 353 (2011) 186–193cells has been proposed to account for the observation that some tissues
appear to harbor more than one stem cell-like population (Li and
Clevers, 2010). The redundancy of multiple progenitor cell pools could
provide a ﬂexible mechanism for ensuring efﬁcient maintenance and
adequate repair of the salivary gland.
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